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Material and acoustic properties of swimbladders of Tilapia and Channel Catfish 
By Mohammed Ali Nawaz, M.S. 
A Thesis submitted in partial fulfillment of the requirements for the degree of 
Master of Science at Virginia Commonwealth University. 
Virginia Commonwealth University, 2004 
Director: Michael L. Fine, Professor, Department of Biology 
Acoustically, teleost swimbladders have been considered resonant underwater 
bubbles. Contrary results indicating that bladders are tuned less sharply than such 
a bubble have been explained by damping of surrounding fish tissue. Recent 
findings in toadfish and weakfish, however, suggest that the bladder is a highly 
damped structure and that the frequency of the fish sounds is deternlined as a 
forced response to sonic muscle movement rather than by resonance of the 
bladder. In this study I examined acoustics and material properties of 
swimbladders in Tilapia (an auditory generalist) and the channel catfish (an 
auditory specialist). The swimbladder was struck with a piezoelectric impact 
hammer. Amplitude and timing characteristics of bladder sound and displacement 
were compared for strikes of different amplitudes. Most of the first cycle of sound 
occurs during swimbladder compression, indicating that the bladder rapidly 
contracts and expands as force increases during the strike. Harder hits are shorter 
in duration generate a similar displacement duration with an increasing number of 
shorter cycles and a 12- 15 dB increase in sound amplitude. The frequency 
spectrum is broad, and the dominant frequency is drivenby the strike and not the 
natural frequency of the bladder. 
The displacement waveform varies between species catfish exhibit a 
greater structural stiffness and lower amplitude movement and higher sound 
amplitude for an equivalent hammer strike. Material properties (peak load, stress, 
strain, Young's modulus), fiber direction (catfish only), and structural stiffiless of 
bladders exhibit various patterns suggesting that the bladder walls are not unifonn 
structures. Additionally thickness varies regionally. Notably Young's modulus in 
both species is similar despite large difference in stress and strain. The modulus of 
catfish bladder increased 1600-fold when dried. Finally the bladder of both 
species had a high water content averaging about 70%. These data suggest that 
viscous damping caused by water in the bladder wall is a major factor responsible 
for acoustic properties of the teleost swimbladder. 
Introduction 
The swimbladder of fishes allows them to be neutrally buoyant and is responsible 
for the huge diversity and success of this vertebrate group (Berenbrink et al. 2005). The 
swimbladder can also function as an auditory organ and a sound producing organ. Fishes 
with bony connections between the swimbladder and the ears are auditory specialists with 
low thresholds and high frequency hearing. Swimbladders not in close proximity to the 
ear and not connected to it are considered auditory generalists. They are less sensitive and 
restricted to low frequencies, generally <1 kHz. Deflation of the swimbladder in such 
fishes does not affect auditory thresholds (Yan et al. 2000). 
Acoustically the swimbladder has been assumed to function as an underwater 
resonant bubble, an acoustic monopole that radiates sound omnidirectionally (Harris. 
1964; Bergeijk 1964). This belief is basically that all swimbladders are acoustically 
the same, i.e. the underwater bubble, despite their various sl~apes and different 
acoustic adaptations. Evidence of rapid damping of the bladder acoustic responses, 
which would not happen to an underwater bubble, has simply been interpreted as 
damping by body tissue rather than a property of the bladder. Recent work on 
toadfish and wealtfish bladders suggest a forced response to actions of the sonic 
muscles rather than a resonant response (Fine et al. 2001; Connaughton et al. 2002) 
calling into question the notion of the resonant bubble. 
The laboratory of Dr. Michael Fine is testing the hypothesis that swimbladders 
are adapted for their acoustic f~inctions in terms of shape, structure and niaterial 
properties and that different swinibladders will have different acoustic properties. 
In this study I examine swimbladder structure, material and acoustic 
properties of two fish species. The channel catfish Ictalurus punctatus is an auditory 
specialist with a series of bones (Weberian ossicles) that connect the swimbladder to 
the ears. The Tilapia Oreochromis rziloticus (family Cichlidae) is an auditory 
generalist with low frequency hearing. Fishes in this family produce sounds by an 
unknown mechanism believed to involve the pharyngeal teeth but not the 
swimbladder (Rice & Lobe1 2002). Therefore we are presuming that the Tilapia 
swimbladder is not adapted for an acoustic function. 
Materials and Methods 
Acoustical properties 
Catfish and Tilapia were collected in the York River, Virginia and maintained 
in fresh water. Fish were heavily anesthetized with 500 mg/liter MS-222 in aerated 
water, weighed, and measured for total length (TL). A fish was placed upside down 
in a dissecting tray, which was supported on a foam pad within a soundproof booth 
(Industrial Acoustics). I made a medial incision on the ventral surface of the fish to 
expose the swimbladder and placed a retro-reflective laser disc on different areas on 
the ventral side of the swimbladder. A Doppler-shift laser vibrometer (Briiel & Kjaer 
model 3544; sensitivity lV/mm) was aligned to the retro-reflective disc, and an 
Etymotics ER-7C probe tube microphone (+20 dB amplification) was positioned 1 
cm above the disc. Sound amplitude was calibrated with a 1 kHz, 94dB test tone 
through a port in the microphone power supply. The swimbladder was stimulated 
with a miniature modal analysis hammer (PCB model 086D80; XI0  setting; with a 
vinyl tip cover, transducer sensitivity 15.2 mV/N). The bladder was struck with a 
series of hits of increasing amplitude to stimulate movement and sound production. 
The swimbladder was removed, weighed, and measured for length, width, and height 
in millimeters. 
All analog data were captured, digitized (10 kHz sampling rate) and analyzed 
using a data acquisition/analysis system (Biopac systems Inc. MP150 Workstation 
version 3.7). 
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Amplitude and duration were measured for each quarter cycle of the sound, 
displacement, and hammer force traces for each fish. Sound and displacement data 
were plotted against amplitude and displacement using Graph Pad Prism (version 
3.0). The pattern of change in sound pressure and displacement with hammer force 
was somewhat variable, and there was increasing variance with larger hits. Linear 
equations were calculated and in some cases were log transformed. Sound amplitude 
was also regressed against displacement over a middle range of stimuli. The weakest 
hits were not did not generate audible sound because of background noise from the 
laser. The most powerful hits were likewise excluded because of a distorted laser 
waveform. At least some of the distortion resulted from lateral movement of the 
bladder, which took the retro-reflective disc out of alignment with the laser. 
Since displacement and sound pressure level (SPL) covaried with hammer 
force, comparison across fish utilized the value calculated from the regression for a 
96 mV (0.63 N) strike. The value was chosen because it was in the middle of the 
amplitude range of hammer strikes well before distortions were evident. Sound and 
displacement parameters were plotted against fish weight. Stiffness was calculated as 
hammer force divided by displacement and converted to Newtons per meter. 
Frequency spectra were measured for one of the smallest catfish (626.7 g) and 
tilapia (96.5 g), a midsized catfish (721.7 g) and tilapia (143.5 g), and the largest 
catfish (763.4 g) and tilapia (252.2 g) in the study. Hammer, displacement, and sound 
trace data from light (- 15 mV, 0.098 N), medium (- 50 mV, .33 N), and hard (- 100 
mV, 0.66 N) hammer strikes were transformed with a Fast Fourier Transform (FFT) 
(10K pt. sample, Hanning window). 
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Damping was so rapid that the standard equation for damping ratio zeta, 5 
based on successive cycles of decay was modified to compare the amplitude decay of 
half cycles (first positive, PI ,  and second negative, N2, wave amplitude): 
The sharpness of tuning (Q) was calculated from damping coefficient by: 
Q was also calculated from the sound spectra, of the small, medium and larger fish, 
using: 
where f,,, is the dominant frequency and Af -3dB is the bandwidth of the "half-power 
points" on either side of f,,, whose amplitudes are 3dB lower than the amplitude at 
fmax . 
Material Properties 
The catfish swimbladders were isolated from the fish body and weighed to a 
tenth of a gram. Bladders were cut into 2 equal halves along the longitudinal septum. 
Since the tilapia swimbladder is securely attached to the vertebtal column and 
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hypaxial rnusculature on its dorsal and side surfaces, the ventral surface of the 
swimbladder could only be studied. Material properties of the catfish and tilapia were 
measured with an MTS XLS extensometer. Pieces of swimbladder "membranes" 
from various regions were stamped in a characteristic dog- bone pattern in two 
orientations, with the axis of the bone both parallel and perpendicular to the direction 
of the long axis of the fish of that region the membrane samples were placed in 0.9% 
cold NaCl solution until pulled within 12 hours. Specimen thickness and width were 
measured in the center of each dog bone before pulling. Each dog bone was placed in 
the grips of the material tester. Materials were pulled to failure to determine values 
for peak load, peak stress, strain at break, and Young's modulus determined by the 
Test Works computer program. 
Results 
The swimbladder required a small input of energy to drive it to produce 
sound. All data come from stimulating the bladder with the impact hammer. Five 
catfish ranging between 41.9 and 46.7 cm in total length and 626.7 g and 721.7 g 
weight, six tilapia fish ranging between 18.1 and 25.5cm in total length and 96.5 g 
and 252.28 weight were examined in this study. The waveforms and quantitative 
effects of increasing hammer force were generally similar among fish although there 
was individual variation. I examine the effects of force on swimbladder displacement 
and acoustic output by using regression analysis, and calculating an adjusted value for 
a 96 mV (0.63 N) hammer hit. 
Wave Forms 
A typical hammer strike and the induced swimbladder displacement and 
sound wavefonns are represented in (Fig. 2, 5a, 5b, 5c, 5d) of Tilapia and catfish. 
The hammer waveform exhibits an asymmetrical half cycle with a shorter rise than 
fall time (5 and10 ins). The rise time indicates the period in which the hammer 
transfers energy to the bladder, and the fall time indicates the period when the 
hammer bounces back from the swimbladder surface although still in contact. The 
slope of the fall time decreased just before return to the baseline. 
Tilapia 
Tilapia bladders were struck in the middle of the ventral surface, and 
displacement was measured in the anterior and posterior regions. Tilapia bladder 
responses exhibited two separate forms. Some hits, more likely to be of small and 
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medium amplitude, generated displacement waveforms that returned to baseline 
between cycles (Fig. 5d). This pattern was more common in measurements of the 
posterior bladder. Anterior measurements, particularly hard and medium ones 
resulted in the bladder remaining expanded before returning slowly to baseline over a 
time period of about 200ms (Fig. 5a, 5b). The ones returning to baseline between 
cycles will be described first. 
Displacement of the anterior bladder followed a sinusoidal pattern of 3 to 4 
cycles and began with a negative followed by a positive deflection (Nl and PI). Nl 
indicates that the bladder target was pushed in (away from the laser) by the hammer 
strike. The increased internal pressure caused the bladder to push outward toward the 
laser resulting in PI. The peak of N1 occurred at the hammer peak, and the end of the 
strike was close to PI. Displacement duration varied from 18 to 25 ms. 
The sound waveform began with a short negative peak of acoustic pressure 
(Nl)  between 0.5-0.7 ms followed by a series of positive and negative cycles with 
successively longer periods, increasing to 6.5 to 8 ms. The first two negative and 
positive peaks occurred rapidly (higher frequency energy) during the period of 
increasing hammer force, culminating in peak acoustic pressure at P2. N2 and N3 
occurred approximately at the half amplitude points of N1. From P3 onward, the 
sound waveform appeared to follow the displacement waveform closely although the 
sound attenuated more rapidly than the displacement waveform. 
In the second type of response, more commonly exhibited by vibration of the 
ventral surface of the anterior bladder, the pressure of the strike adds pressure to the 
bladder cavity expanding it discontinuously, i.e., the bladder does not return to 
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baseline between cycles (Fig. 5a). This phenomenon suggests that the oscillating 
internal gas pressure continued to stretch the collagen in the bladder wall. The 
stretched collagen returned to its resting position slowly, over a period of about 200 
ms, considerably after the dynamic vibrations generating sound had ceased. In these 
strikes, the initial compression N1 and all further negative components of the 
displacement waveform were reduced, and the absolute amplitude of the positive 
components continued to increase to P3. Displacement P1 occurred at the peak of the 
hammer hit. 
The inflection point of the rising peak of the hammer waveform, when the 
hammer was moving at maximum velocity, coincided with the beginning of the P1 of 
displacement and the peak of the acoustic waveform P 1. From then on, the 
displacement waveform did not correspond obviously to the sound waveform. 
Although P2 of the displacement and acoustic waveforms corresponded in time, this 
correspondence did not continue. Each successive wave of the sound waveform 
decreased in amplitude and increased in duration. 
Catfish 
The catfish bladder was struck and measured at four different places on the 
ventral surface as show in figure (Fig. la). Similar to the tilapia the catfish bladder 
responses exhibited two separate forms for different amplitude of hammer hits. The 
hits with smaller amplitude have a single half cycle (Fig. 6b), whereas the harder hits 
resulted in a full cycle (Fig. 6a). These patterns were not specific to any particular 
location of measurement. 
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Displacement of the smaller amplitude hits had a single half cycle, generally 
beginning with a negative deflection (Nl) (Fig. 6a), but there were cases of positive 
deflection in a few of the responses. N1 occurred slightly past the hammer peak, and 
the end of the strike was during the rise of the displacement. Eventually the 
displacement returned to the base line, the duration of which varied from 30-37 ms 
The sound waveform began with a negative peak (Nl) between 0.6-2.0 ms 
followed by a positive peak (PI) of the order 3.5-5.0 ms which occurred during the 
raise time of the hammer. The sound waveform attenuated along with the hammer. 
In the second type of response higher amplitude hits generated a sinusoidal 
displacement with a single cycle beginning with a negative (Nl) followed by a 
positive deflection (PI) (Fig. 6a). Nl and P1 occurred during the rise and fall of the 
hammer strike respectively. The peak of the hammer occurred between N1 and Plof 
displacement at the zero crossing. The end of the displacement waveform coincided 
with the end of the hammer strike. P1 and N2 of the sound waveform coincided with 
N1 of displacement and the hammer peak respectively. 
Displacement exhibited a latency of approximately 0.8 ms from the onset of 
the hammer strike. The onset of the hammer and sound trace corresponded closely. 
The slight pause before the negative deflection in acoustic pressure corresponded to 
the initial shoulder of the hammer strike. Notice that N1 and P1 of the sound 
waveform had shorter durations during that subsequent cycle. Even for low 
amplitude hammer hits, a full cycle of the sound waveform occurred during the 
hammer period. As hammer amplitude increased, the number sound of cycles within 
the hammer period also increased. Hence as strikes are amplified, the 1st cycle period 
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of the sound decreases, i.e., frequency increases. Similarly, .the displacement also 
followed a similar pattern as the sound. There were more cycles of sound than 
displacement. The remaining cycles of the sound waveform, after the hammer 
waveform ended, were aligned with the displacement cycles. The sound and 
displacement waveforms decayed to background level with a similar time course. The 
decay cycle of displacement did not generate audible sound. 
Quantitative Effect of Increasing Hammer Force 
Tilapia 
Hammer 
Harder hits caused changes in hammer duration and swim bladder 
displacement and sound parameters (tables l ,2 ,3 ) ,  Fig. (7, 8,9, 10, 11 & 12). 
Hammer duration waveform decreased nonlinearly from 22.5 to 10.4 ms (r2=0.97) 
with increased hammer force, Fig. 7a. The adjusted hammer rise time calculated from 
the regression of hammer strike time against hammer force for a 0.63 N strike was 
1 1.75 + 0.94 ms. (tablel, 2) 
Displacement 
Although Displacement duration decreased nonlinearly for both anterior and 
posterior hits from 21.8 to 18.5 ms (r2=0.96) the hammer amplitude had a minor 
effect on the duration of swim bladder movements (Fig. 8a). The first period of the 
displacement waveform decreased nonlinearly from 21.8 to 6.3ms (r2=0.75) with an 
initial steep drop (Fig. 8c), but stabilized by the force reaching 0.25 N. The number 
of cycles increased in steps with hammer force indicating that harder hits caused a 
greater number of shorter cycles (Fig. 8e). 
Displacement amplitude increased with hammer force, ranging from 0.154 to 
5.39 mm anteriorly (r2=0.91) (Fig. 9a) and from 0.09 to 0.312 posteriorly (r2=0.83) 
(Fig. 9c). Adjusted values for a 0.63N strike averaged 2.24 + 0.81 and 0.15 + 0.04 
rnrn for anterior and posterior respectively, a 14.6 fold difference (table 2, 3). 
Anterior N1 displacement amplitude decreased nonlinearly from 0.142 to 0.012 mm 
(r2= 0.94) (Ant Fig. lOa), whereas posterior amplitude increased linearly from 0.008 
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to 0.044 mm (r2=0.78) (Post Fig. 1Oa). P1 of displacement increased, from 0.154 to 
1.33 rnrn (r2=0.84) in the anterior (Ant Fig. lob), and from 0.066 to 0.219 rnrn 
(r2=0.60) in the posterior (Post Fig. lob) about one-fifth of anterior values. Adjusted 
amplitudes were similar in both regions for N1 (51 and 41 pm for anterior and 
posterior respectively), but P1 was much greater in the anterior region (0.78 to 0.12 
rnrn respectively) (Table 3). 
Sound 
Nl duration decreased nonlinearly from 2.8 to 0.9 ms (r2=0.88) (Fig. 1 la), and 
P1 decreased linearly from 4.4 to 2.9 ms (r2=0.67) (Fig. 1 lb). The duration of the 
first cycle (Nl+Pl) anteriorly decreased from 7.2 to 3.9 ms (r2=0.92) (Fig. 1 lc). 
Although the duration of the first cycle decreased with harder hits, the duration of the 
entire sound increased modestly (r2=0.63) with harder hits, ranging from 24.3 to 34 
ms and (Fig. 1 ld). 
Peak to peak amplitude in tilapia increased linearly in anterior and nonlinearly 
in posterior measurements, anterior from 3.97 to 2 1.67 mV (r2=0.92) (Ant Fig. l3a) 
i.e. and in posterior from 4.0 to 22.6 mV (r2=0.91) (Post Fig.13i a), these amplitudes 
correspond to a linear increase of 80.5 to 95.2 dB SPL anteriorly(r2=0.91) and from 
78.2 to 95.6 dB posteriorly (r2=0.97) (Post Fig.13i b), indicating a dynamic range of 
about 15 dB for the swim bladder under these conditions. Adjusted values for a 0.63 
N hit were significantly higher in the anterior than posterior regions (t = 2.57 1 p = 
0.0301) (85.1 to 80.8 dB SPL respectively), indicating that the probe tube microphone 
was registering local differences in amplitude (Table 3). 
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Structural Stiffness 
Stiffness decreased nonlinearly in the anterior region from 0.86 x 10' to 0.16 x 
lo3 N/m (r2=0.97) (Fig. 14a), and increased linearly in the posterior from 2.27 x lo3 
to 7.63 x 10' N/m (r2=0.97) (Fig. 14b). A 0.63 N hit resulted respectively in 3.82 mrn 
and 0.083 mm displacement in the anterior and posterior region, an equivalent 
stiffness of 0.165 x 10' and 7.63 x lo3 N/m. 
Frequency Response 
Spectral analysis (FFTs) was performed for soft, medium and hard hammer 
strikes (0.15 N, 0.40 N and 0.80 N) on the tilapia bladder. The hammer spectrum 
from a 0.15 N strike peaked at 20 Hz and decreased by 55.58 dB into the noise 
around 375 Hz (Fig. 17). Spectra from harder hits increased the peak energy and 
higher frequencies, peak at energy increased to 40 Hz. Energy for a hard (0.80 N) hit 
declined steeply to about 500 Hz and then plateaued and remained mostly above the 
noise to 1000 Hz (Fig. 17). The displacement trace increased in amplitude and 
frequency with increasing hammer force from 20 to 40 Hz respectively for soft 
medium and hard hits. The peak dropped almost 50 dB by 1 kHz. 
The sound spectra were variable and clearly not tuned to a resonant frequency 
(Fig. 17). They contained a number of modes, some of which appeared harmonically 
related, that blended together and some sharp anti-resonances at different frequencies 
with different amplitude hits on the same fish. Maximal energy occurred in a 
relatively flat peak between 117 and 195 Hz and then dropped variably approximately 
10 to18 dB. Some of the high frequency sound energy ranged between -75 and -100 
dB although some frequencies blended in with the noise floor mean of -1 15 dB, 
- 1 7 -  
particularly for softer hits. Harder hits caused the sound modes to blend together 
more (Fig. 17), raised the energy at all frequencies, and caused a minor increase in the 
frequency of peak energy. Typically, the peak frequency was closely related to the 
period between the Nl and N2 peaks on the sound waveform. For instance in one 
fish, a hammer force of 94.8 mV with a rise time of 8.0 ms resulted in an interval of 
13.5 ms on the first displacement cycle (equivalent to a frequency of 74 Hz). The 
power spectrum indicated a peak frequency of 70 Hz, which is in excellent agreement 
with the value of 74 Hz. 
Comparison of the frequency spectra for hammer, displacement, and sound 
indicated some differences in response (Fig. 17). There was a similar progression to 
higher frequency energy from the hammer to the displacement to the sound 
waveform. At least part of this increase can be explained by the structure of the 
original waveforms since a sound wave (full cycle) approximately equaled the time of 
the N1 vibration of the laser (half cycle) and the rise time of the hammer (quarter 
cycle). The shapes of the decreasing energy portion of the hammer and displacement 
energy were similar, but the displacement frequency was spread over a larger range. 
Harder hits generated a higher peak frequency increasing from 19 Hz for a .10 
N hit to 78 Hz for a 1 N hit and an increase of 22.5 dB in peak amplitude. The 3 dB 
bandwidth increased from 30.5 Hz to 107 Hz, and Q3dB remained constant across hit 
amplitude, ranging from 0.45 to 0.9 (mean of 0.68) (Table 4). Zeta ranged from 0.16 
to 0.5 1 (mean of 0.37) and did not change with hammer amplitude. The change in 
peak frequency with hammer amplitude indicates that sounds are generated by a 
forced response by a low Q rapidly-damped structure. 
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Material properties 
There were no significant differences in anterior middle and posterior regions 
of the ventral surface of the bladder (Fig. 21) for peak load and strain. (Peak load: F 
(2,12, = 1.38, p = 0.2861, Strain: F (2, 12) = 0.6267, p = 0.5497). The Young's Modulus 
and stress in the anterior side were less; they were significantly different compared to 
the middle. (F (2,12) = 5.161 p = 0.0224 Stress: F (2,12, = 4.402, p = 0.0347). 
Bladder Thickness 
The bladder thickness from 9 Tilapia ranged from 0.246 to 0.420 mm in the 
anterior, 0.189 to 0.279 mm in the middle and 0.235 to 0.505 mm in the posterior. 
The one way ANOVA indicated that in the three sections the means were 0.3,0.24, 
0.3 mm respectively and were not significantly different (F (2,24)  =2.946, p = 0.0707.) 
Catfish 
Hammer 
In catfish all the regions measured had similar changes in hammer duration 
(Table 2). The strike time of the hammer waveform decreased nonlinearly (a few 
were linear) with increasing hammer force from 16.9 to 10.2 ms (r2=0.95) (Fig. 7b). 
Displacement 
The displacement duration remained approximately constant, ranging between 
31.5 to 36.1 ms (r2=0.002) (Fig. 8b), although the first period decreased nonlinearly 
with increasing hammer force ranging from 32.50 to 12.60 ms (r2=0.96) (Fig. 8d). 
The number of cycles in displacement increased with increasing hammer force 
(Fig. Sf). Displacement in catfish differed regionally. For most of the regions it 
increased with hammer force, ranging from 0.02 to 0.07 mm (r2=0.99) (Fig. 9b). 
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There were significant differences between different regions (table2, 3). Both N1 
and P1 displacement increased with hammer force. Nl ranged from 0.019 to 0.06 mm 
(r2=0.96) (Fig. lOc), and P1 ranged from 0.016 to 0.07 mrn (r2=0.93) (Fig. 10d). 
Even though N1 and P1 were similar within a region, they varied between regions 
(Table 2, 3). 
Sound 
Both N1 and P1 duration decreased linearly with force, with N1 ranging from 
2.0 to 0.6 ms (r2=0.88) (Fig. 12a) and P l  ranging from 6.2 to 3.9 ms (r2=0.57) (Fig. 
12b). In addition the first time period (Nl+Pl) also decreased with increasing 
hammer force, ranging from 7.0 to 4.5 ms (r2=0.9 1) (Fig. 12c). Sound duration 
increased with increasing hammer force, ranging from 7.0 to 17.2 ms (r2=0.84) (Fig. 
12d) because of a greater number of sound cycles with force. 
The peak to peak amplitude in catfish also increased linearly in all regions of 
measurement. It ranged from 3.4 to 25.6 mV (r2=0.98) (Fig. 13c) equivalent to an 
increase 79.05 to 96.7 dB (r2=0.99) (Fig. l3d). The dB values increased logathimically 
with hammer force, with a dynamic range of about 30 dB for the swim bladder under 
these conditions. There was a significant difference between the amplitude of sounds 
measured on the ventral surface caused by hitting the ventral, side surfaces of the 
swim bladder (Table 2,3). 
Stiffness 
Stiffness varied depending on the position of the hammer strike and the area 
being measured. Three areas of measurement were taken into consideration: anterior 
central, anterior lateral and posterior (Fig.15). The maximum stiffness occurred at 
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anterior central from hits at the middle, and the minimum was measured at anterior 
lateral while hitting at the posterior. A 0.63 N hit resulted in a 0.013 mrn and a 0.45 
rnm displacement in the anterior central and anterior lateral, respectively, an 
equivalent stiffness of 47.6 x 10' Nlm and 1.4 x 10' Nlm. It increased steadily in the 
anterior central ranging from 15.65 x 10' to 62.49 x lo3 Nlm (r2=0.82) and remained 
approximately constant in the anterior lateral (r2=0.1 1). 
Frequency Response 
The hammer spectrum peaked at 20 Hz and decreased by -55.6 dB, into the 
noise around 375 Hz (Fig. 18, 19). Harder hits increased the peak amplitude and 
frequency from 40 to 80 Hz. Particularly for harder hits the frequency spectrum 
remained above the noise from 1 - 4 kHz (Fig. 18, 19). 
The displacement trace increased in energy and frequency with increasing 
hammer force from 40 to 80 Hz, respectively, for soft, medium and hard hits. The 
peak dropped almost 50 dB by 1 kHz. The sound spectra were highly variable and 
clearly not tuned to a resonant frequency (Fig. 17). They contained a number of 
modes some of which appeared harmonically related that blended together, and some 
sharp anti-resonances at different frequencies with different hits on the same fish. 
Maximal energy occurred in a relatively flat peak between 117 and 372 Hz and then 
dropped variably approximately 15 to18 dB. Some of the high frequency sound 
energy between -75 and -100 dB, blended in with the noise floor (mean of -1 15 dB), 
particularly for softer hits. Harder hits caused the sound modes to blend together more 
(Fig. 18), raised the energy at all frequencies, and caused a minor increase in the 
frequency of peak energy. Typically, the peak frequency was closely related to the 
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period between the Nl and N2 peaks on the sound waveform. Comparison of the 
frequency spectra for hammer, displacement and sound indicated some differences in 
response (Fig. 18). There was a progression to higher frequency energy from the 
hammer to the displacement to the sound waveform. At least part of this increase can 
be explained, by the structure of the original waveforms since a sound wave (full 
cycle) approximately equaled the time of the N1 vibration of the laser (half cycle) and 
the rise time of the hammer (quarter cycle). The shapes of the decreasing energy 
portion of the hammer and displacement energy were similar, but the displacement 
frequency was spread over a larger range. 
Harder hits generated a higher peak frequency, increasing from 20 Hz for a 
0.18 N hit to 78 Hz for a 1.4 N hit and an increase of 31 dB in peak amplitude. The 3 
dB bandwidth remained relatively constant (59 Hz to 72 Hz), and Q3dB remained 
constant across hit amplitude, ranging from 0.49 to 1.16 (mean of 0.80) (Table 4). 
Zeta ranged from 0.12 to 0.34 (mean of 0.25) and did not change with hammer 
amplitude. The change in peak frequency with hammer amplitude indicates that 
sounds are generated by a forced response for a low Q rapidly-damped structure. The 
damping coefficient was lower and Q higher than in tilapia. 
Fiber Orientation 
The tunica externa had collagen fibers traveling in two directions of parallel 
fibers, one of which was circular and perpendicular to the long axis of the bladder. 
The second set of fibers was parallel to the long axis of the bladder, i.e., along the 
surface of the swim bladder (Fig. 2 ii) The thickness of the bladder was greater in the 
ventral side of the swim bladder than the dorsal side (F3,84 = 20.91, p ~0.0001) (Fig. 
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22). Both these sets of fibers emerged from the region of the longitudinal septum 
and ended at either the longitudinal septum or the transverse septum on the opposite 
side of the swim bladder. The circular fibers end at the longitudinal septum and the 
parallel fibers end at the transverse septum of the swim bladder. 
Material properties , 
Material properties were measured from all over the swim bladder, parallel 
and perpendicular to the direction of the fibers (0' and go0, respectively, and not 
necessarily along the axis of the fish). Material properties varied with bladder 
position but not with fiber direction (Fig. 20): At 0 ' and 90' there were significant 
differences in similar regions of measurements locations in difference parts of the 
bladder (Fig. 20). For 0' (Peak load: F (2,32) = 10.82, p = 0.0002; Stress: F (2,32)  = 
2.189, p = 0.1285; Strain: F (2,32) = 9.027 p = 0.0008; Young's Modulus: F (2,32)  = 
0.5533, p = 0.5805). For 90' (Peak load: F (2,32) = 14.58, p c 0.0001; Stress: F (2.32) = 
4.919, p = 0.0137; Strain: F (2,32) = 7.21 1 p = 0.0026; Young's Modulus: F (2,32)  = 
0.4126, p = 0.6653). 
In peak load the anterior region was significantly less than the middle and 
posterior regions for both orientations. In stress and strain the anterior and middle 
regions were similar and they were significantly lower than in the posterior. Young's 
modulus did not exhibit differences between regions. Consequently the results were 
combined (Fig. 21) and the overall results were compared for different regions. When 
dried, the Young's Modulus of the catfish increased 1600 fold. Data from 2 samples 
were taken, the peak loads of which were 12.8 and 15.8N, the stress were 19.1 and 
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25.1MPa, and strain were 0.068 and 0.20 resulting in Young's moduli of 450 and 
365 MPa respectively (Fig. 24). 
Bladder Thickness 
Thickness of the dorsal, ventral, side and longitudinal septum of the catfish 
bladder from four fish were measured from dog bone shape pieces stamped at 0' and 
90'. The ventral region was thickest. There were significant differences between 
ventral, side and septum. The dorsal region was not significantly thicker than the 
sides or septum, but the side was thicker than the septum. Rosto-Caudally there were 
no differences (Fig. 22). 
Discussion 
Fish vary greatly in their sensitivity to underwater acoustic signals. Over the 
past century scientists have designed many methods to investigate the auditory 
capacity of fish. Historically, the swimbladder has been characterized as a pulsating, 
resonant underwater bubble, which provides an omni directibnal (monopole) 
acoustical source useful in sound production and hearing (Harris 1964; Bergeijk 
1964). In a strongly mathematical paper Fuillade and Nero (1998) concluded that 
swimbladder structure is important in resonant scattering from cod. Based on 
parameter fitting, their model explained anomalous results on resonance changes 
found by Sand and Hawkins (1973), who displaced cod above and below their 
acclimation depth. The model assumed that the swimbladder wall was an isotropic 
elastic shell and utilized elastic moduli from rubber types of varying hardness. They 
concluded that the rigidity of the bladder wall increases the resonant frequency of the 
bubble and that the viscosity of the outer shell causes resonance damping. 
Although well done, this paper illustrates problems inherent in studying fish 
scattering in a sound field and using theoretical assumptions, parameter fitting and 
elegant matheinatics to explain results. We contend that traditional assumptions and 
mathematical treatments of the acoustics of swimbladders (pulsating, resonant 
underwater bubbles) are not applicable to all fishes and have retarded progress in 
understanding mechanisms of sound production and a~~dition. Fishes display a wide 
range in abilities for sound production and hearing (auditory generalists and 
specialists). The ability of some fishes to produce sounds with dominant frequencies 
above 1,000 Hz cannot be explained with current knowledge since their muscles are 
24 
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unlikely to contract this fast. We hypothesize that these fish employ undiscovered 
adaptations of the sonic muscles and swimbladder, which are responsible for the 
unusual properties of their sounds. 
Contrary to the established theory of the resonant bubble, the current study 
indicates that the bladder wall is a viscoelastic structure. Interpretation of the 
mechanical events during a hammer strike in both catfish and tilapia is complicated 
because it is necessary to separate the target area on the bladder from the site used to 
measure displacement with the laser (Fig. 1). Striking the ventral surface of the 
swimbladder forces it inward (Fig. 3), increasing pressure within the bladder, and 
producing the first wave of negative acoustical pressure (Nl).  Sound N1 is 
immediately followed by a wave of positive acoustic pressure (Pl), even though the 
bladder is still being compressed by the hammer at the strike and measurement site. 
Therefore the internal pressure generates P1 by pushing the walls of the bladder 
outward outside of the impact area and is not visible (Fig. 3). After maximum 
hammer force, the internal pressure and the positive acoustic pressure start to 
decrease. The slight delay of 1.5 ms between the onset of the strike and the record of 
N1 displacement likely reflects time for the bladder compression to reach the target 
area considering that inward motion reflects the resultant of inward and outward 
forces. Energy in the compressed bladder rebounds to cause displacement P1, and a 
second much diminished cycle of sound (N2 and P2) is complete before the peak in 
P2 displacement. Displacement frequency and amplitude decrease markedly from the 
P2 peak and produce no sound signal over the background noise. 
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Harder hits are caused by more rapid movements of the hammer and thus are 
shorter. In catfish they result in more rapid displacement and sound waveforms, 
whereas in tilapia the results were quite different, indicating that harder impact 
caused a greater stretching of the fibers, hence the structure is more visoelastic. Total 
sound duration in both species, however, exhibits a minor increase in duration with 
harder hits indicating that a greater amount of energy is transferred to the bladder. N1 
duration for displacement and sound are both shorter than P1. N1 sound duration was 
typically 2 ms and unlike the other parameters does not change with hammer force. 
We suggest that a constant internal pressure was necessary to push out the surface of 
the swimbladder and generate sound P1, and therefore this value does not change 
with hammer force. N1 and P1 sound amplitudes both increase with hammer force, 
and values are roughly similar. The roughly similar positive and negative sound 
pressures are likely to be generated for different reasons. N1 is generated by a small 
region of the bladder exhibiting the most rapid movement, and P1 is generated by a 
greater surface area of bladder moving more slowly. Examination of the sound 
amplitude against N1 displacement (Fig. 13 ii, 13 iii) indicates an accelerating output 
at greater displacements. Part of this acceleration could be an artifact resulting from 
harder hits imparting a greater lateral motion to the bladder, which might have 
removed the reflective target out of optimal alignment resulting in an underestimation 
of displacement. 
Some of the variability between fish undoubtedly results from variability in 
the hammer strike and the positioning of the laser and the target. The swimbladder 
has a curved surface that will not move uniformly. In natural sound of the toadfish, 
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sonic muscle contraction pushes the sides in and bottom out (Fine et al. 2001,), 
indicating a nodal zone of no movement between these two motions. 
Fiber direction 
There were various differences in fiber direction between the two fish species. 
The catfish has fibers that travel in two directions, one of which is circular and 
perpendicular to the long axis of the bladder. The second set of fibers is parallel to the 
long axis of the bladder, i.e., along the surface of the swim bladder (Fig. 2ii). The 
thickness of the bladder is greater in the ventral side than the dorsal side. Both these 
sets of fibers emerged from the longitudinal septum, and ended at the either the 
longitudinal septum or the transverse septum on the opposite side of the swim 
bladder. 
The catfish swimbladder was heart shaped; it was separated into an anterior 
and posterior chamber by a transverse septum. The septum was thick on the ventral 
surface (more firmly attached), and thinner on the dorsal surface of the swimbladder. 
The transverse septum has two openings towards the lateral surface. These openings 
appear to channel the sound from the posterior chambers to the anterior chamber. The 
anterior chamber has 2 lobes on either side of the longitudinal axis. These lobes 
reflect sound towards the centre, where the swimbladders attached to the weberian 
ossicles. The posterior chamber is divided into two equal halves by the longitudinal 
septum. This septum is the thinnest wall in the entire swimbladder; it plays a major 
role in damping. 
At an average of 0.3 mrn, the tilapia bladder thickness for anterior middle and 
posterior aspects were not significantly different among regions, whereas in catfish 
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the average thickness was 0.5 mm. A variation in thickness in the anterior-posterior 
and dorso-ventral plane is present. The dorsal and side aspects are similar in 
thickness, while the ventral and septum were significantly different. The ventral 
aspect is the thickest and the septum was the thinnest. 
Percent Water 
Percent water was not significantly different between the swimbladders of 
catfish and tilapia and averaged around 69% in both the species. 
Material properties 
This study was the first to investigate the material properties of bladders and 
their relationship to various acoustic adaptations and the following was revealed. The 
catfish material properties varied with bladder position, but not with fiber direction. 
Peak load for the anterior bladder is lower than the middle and posterior regions 
(0.1646 vs. 0.29 and 0.33). Stress was not different in all the three aspects. Strain at 
anterior and middle was less then posterior (1.33, 1.3 vs. 1.8). Young's modulus was 
similar in all parts of the swimbladder (0.25). 
In tilapia the material properties varied similarly as catfish. Peak load and 
strain were similar in all the three regions (2.7 and 0.025). Stress is similar in both 
anterior-posterior and middle-posterior regions but was significantly different in the 
middle-anterior region (2.6 vs. 5.5, 2.6 vs. 4.3). Young's modulus is similar to stress 
results. Note that both catfish and tilapia had similar young's modulus values even 
though the stress and strain were significantly different. 
In all, this work indicates that bladders have complex shapes, vary in 
thickness in different region of a single bladder, have similar water content and are 
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covered by layers of parallel collagen fibers coursing different directions, rendering 
them highly anisotropic. Material properties vary with the directions and thickness of 
these fibers, which we believe inhibits the expression of resonance by the encased gas 
bubble. 
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Table 1 
Tilapia regression equations, coefficient of determination and r2 values for a 96 mV 
strike (0.63 N) 
Anterior 
Regression Equation 
Hammer Duration = 16.57*exp(-2.698*(hammer force)) + 7.726 ' 0.97 
Displacement duration = 5.30*exp(-6.88*(hammer force)) + 18.06 




Is' period (displacement) = 26.80*exp(-6.95*(hammer force)) + 4.017 
I 
0.75 
Displacement N 1 = 0.8385*exp(- 10.75*(hammer force))- 0.003 14 




Sound dB = 25.68*(hammer force) + 74.17 
I 
0.89 
Sound mV = 24.54*(hammer force) - 2.726 
Sound duration N l  = 10.67*exp(-6.64*(hammer force) + 0.75 
Sound duration PI = ( -2.015)*(hammer force) + 4.67 








Stiffness=5.008*exp(-12.32*(hammer force)) + 0.1669 0.97 
I 
Displacement = 0.4463*(hammer force) + 0.0.256 
Displacement Nl = (0.04l)*(hammer force) + 0.04942 
0.83 
0.78 
Displucement PI = 237.8*(hammer force) + 11.55 
Sound dB = 7.902*(hammer force) + 76.42 
0.84 
0.96 
Sound mV = 7.36*(hammer force) - 0.37 
Stiffness=9.675*(hammer force) + 1.538 
0.91 
0.97 
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Table 2 
Catfish regular and stiffness regression equations, coefficient of determination and r2 
values for a 96 mV strike (0.63 N) 
Catfish 
Regression Equation 
I Hammer Duration = -7.045*(hammer force)) + 11.31 1 0.97 I I 
Displacement duration = 0.38*(hammer force)) + 33.94 




IS' period (displacement) = 18.38*exp(-2.3*(hammer force)) + 1.5 16 
Displacement Nl = 0.06l*(hammer force)+ 0.009530 
0.96 
0.96 
Displacement PI = 0.079*(hammer force) - 0.001392 
Sound dB = 37.45*(hammer force) + 65.74 
I Sound duration PI = ( -3.4)*(hammer force) + 6.92 1 0.57 I 
0.93 
0.95 
Sound mV = 47.82*(hammer force) - 16.16 




(N1+P1)ls' period (Sound) = (-6.016)*(hammer force) + 9.707 
Sound duration = 19.14*(hammer force) + 0.6002 








I ALS I Stiffness=(-5.72)*(hammer force) + 6.9 1 0.81 1 
AE' 
AS 





Stiffness=(6.49)*(hammer force) + 4.412 
Stiffness=(-0.55)*(hammer force) + 1.78 






Stiffness=(4.2)*(hammer force) + 5.76 
1 Stiffness=(- 1 l.68)*(hammer force) + 1 1.48 
0.89 
0.88 
Stiffness=(-l0.66)*(hammer force) + 15.32 0.90 
- 3 6 -  
Table 3 
Means for tilapia along with t values p values, Means for catfish for various locations 
for a 96 mV strike (0.63 N) 
ms 
Dis~lacement. mm 1 2.241+0.8074 1 0.1537+0.0379 1 2.383 1 0.0273 1 Yes 
S D  I . Anterior I Posterior 



















NI period, ms 
P1 period, ms 
(Nl+Pl)l" period, ms 
20.42k1.625 
85.14+1.466 
7.198 r 1.341 






1 .033+0. 1282 
4.220k0.3826 
5.176H.386 




























































1" period displacement, mm F7, 22=3.5 11, p=0.0111 
Measured 
Sound duration, ms F5, 1=1.744, p=0.2052 
Sound dB F n  lo= 6.190. D= 0.001 
Measured 
Sound dB Fb, 19=7.234, p=0.0004 














PI ueriod. ms FA 4=1.988. u=0.1801 
N1 period, ms F4. 9=0. 1074, p=0.9769 
I Measured I Hit I Mean I SE I 
Measured 
(Nl+Pl) IS' ueriod. ms FA 0=1.162. u=0.3890 





1.215 1 0.0650 
Mean I SE 
Table 4 
Q values and Zeta values for Tilapia and Catfish 
From the equations 
Tilapia 
Catfish 
N Amp dB Freq BW QMB zeta( 1: 
Figure 1: Catfish swimbladder (ventral surface (a), longitudinal cross section (a), 
longitudinal septum (c), Transverse septum (d)) 
- 42 - 
Figure 1 
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Figure 2 i 
Catfish Weberian Ossicle (ventral surface) 
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Figure 2 i i  
Catfish Fiber orientation along ventral, dorsal, side, anterior and posterior Views 
Ventral view Ventral view - 
Dorsal View 
I 
Anterior, Posterior and Side View 
I ,  '6 
Figure 3 
Tilapia swimbladder (Side (a), Ventral Surface (b)) 
Figure 4 
BioPac record of waveform of hammer strike (lower), displacement (middle) and 
sound amplitude (upper) for a series of strikes of increasing amplitude hits for a 
catfish 
L! 
24.00000 25.00000 26.00000 27.00000 
seconds 
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Figure 5 a 
Waveform of a hard hit (0.8- 1.0 N) hammer strike and induced swimbladder 
displacement and sound for a tilapia. Note that after the hit, the displacement occurs 
over a range of 200 ms 
~2 4 Sound 
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Figure 5b: Close up view of the Figure 5 with great detail of every peak and valley 
occurred in displacement and sound 
Figure 5c: Close up view of the Figure 6 with an added derivative graph that shows 
changing velocity with change in displacement 
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Figure 5 b 
Figure 5 c 
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Figure 5 d 
Waveform of medium hit (0.4-6 N) hammer strike and induced swimbladder 
displacement and sound for a tilapia 
Sound 
Hammer 
Figure 6 a 
Waveform of a hard hit (0.8-1.0 N) hammer strike and induced swimbladder 
displacement and sound for a catfish 
Sound 
1 Oms 
Figure 6 b 
Waveform of a medium hit (0.4-0.6 N) hammer strike and induced swimbladder 
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Figure 8: Relationship of displacement duration, 1" period and No of cycles to 




Hammer force, N 
(4 
r2=0.75 
Hammer force, N 
Hammer force, N Hammer force, N 
I 1 I 1 
0.00 0.25 0.50 0.75 1.00 
Hammer force, N 
- ,  
0.00 0.55 0.50 0.;5 1.b0 1.55 1.i0 
Hammer force, N 
Figure 9 
Relationship of displacement to hammer amplitude (a) measured in anterior (c) 
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Figure 10: Relationship of N l  , P 1 displacement to hammer amplitude 
anterior and posterior N l  measurements in tilapia 
anterior and posterior PI measurements in tilapia 
N1 measurements in catfish 





Hammer force N 
r2=0.78 
p=0.0007 Post 
Hammer force, N 
P I ,  Displacement 
r2=0.60 
p=0.0079 Ant 
Hammer force, N 
Post 
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Hammer force. N 
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Hammer force, N 
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Hammer force, N 
Figure 11 
Relationship of Sound duration to hammer amplitude in tilapia 
(a) N1 duration (b) P1 duration (c) (Nl+Pl) lSt period (d) Overall sound duration 
Sound duration 
Tilapia 
Hammer force, N 
0.00 0.25 0.50 0.75 1.00 
Hammer force, N 
q l , ,  
3 
0.00 0.25 0.50 0.75 1.00 
Hammer force, N 
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0.00 0.25 0.50 0.75 1 .OO 
Hammer force, N 
Figure 12 
Relationship of Sound duration to hammer amplitude in catfish 
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Figure 13i: Relationship of sound amplitude in mille Volts and in dB to hammer amplitude 
Anterior and posterior regions sound in mV in tilapia 
Anterior and posterior regions sound in dB in tilapia 
Catfish sound in mV 
Catfish sound in dB 










Hammer force, N 
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p<o.O001 Post 
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I 
0 1 1 i 
Hammer force, N 
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Figure 13 ii 
Relationship of sound amplitude in mille Volts and dB to displacement amplitude in 
catfish Sound in mV and dB 
Displacement vs. Sound 
Catfish 
nl 
0.03 0.04 0.05 0.06 0.07 0.08 
Displacement of laser mm 
7 c  
0 0.04 0.E 0.06 0.07 0.08 
Displacement of laser nm 
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Figure 13 iii 
Relationship of sound amplitude in mille Volts and dB to displacement amplitude in 









0 1 2 3 4 5 6 7  
Displacement, mn 
Post 
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Displacement, mn 
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Figure 14 
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Figure 15 
Relationship of stiffness to hammer force in catfish for different regions 
Catfish 
Anterior Central Anterior Lateral Posterior 
r2=0.04 P r2=0. 11 P r2=0.89 A 
E 
I a m ,  r 
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Figure 16 








Figure 17: Frequency spectrum for the hammer strike and induced swimbladder 
displacement and sound in a tilapia for a soft, medium and hard hits(0.15, 
0.40 and 0.80 N respectively) 
Figure 17 
Frequency Spectrum 
Figure 18: Frequency spectrum for a 1 kHz range, hammer strike and induced 
swimbladder displacement and sound in a catfish for a soft medium 
and hard hits (0.15,0.40 and 0.80 N respectively) 
Figure 18 
Catfish 
Figure 19: Frequency spectrum for a 4 kHz range, hammer strike and induced 
swimbladder displacement and sound in a catfish for a soft medium and 
hard hits (0.15,0.40 and 0.80 N respectively) 
Figure 19 
Catfish 
I Hard hrtlp Sound 
Hammer 
..... . . " ,  " " "  
Figure 20: A comparison of catfish material properties showing that at 0' and 90' 
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Figure 21: Comparison of catfish and tilapia material properties (Peak load, stress, 
Strain, Young's Modulus) 
Figure 2 1 
TILAPIA CAT FISH 
-.- 
Ant Mid Post 
Ant Mid Post 
A 
ant mid post 
B 
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Figure 22: Thickness comparisons among three different regions in Tilapia (anterior 





ant mid post 
Catf is h(a) 
Dorsal Vental Side Sept 
Catf is h(b) 
Anterior Middle Posterior 
Figure 23 
Comparison between tilapia and catfish for % water content 
Percent water 
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Catfish Material properties 












































































































































































































































































Tilapia Material properties 
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